Activation of the yeast cell wall integrity (CWI) pathway induces an adaptive transcriptional programme that is largely dependent on the transcription factor Rlm1 and the mitogen-activated protein kinase (MAPK) Slt2. Upon cell wall stress, the transcription factor Rlm1 is recruited to the promoters of RLM1 and SLT2, and exerts positivefeedback mechanisms on the expression of both genes. Activation of the MAPK Slt2 by cell wall stress is not impaired in strains with individual blockade of any of the two feedback pathways. Abrogation of the autoregulatory feedback mechanism on RLM1 severely affects the transcriptional response elicited by activation of the CWI pathway. In contrast, a positive trans-acting feedback mechanism exerted by Rlm1 on SLT2 also regulates CWI output responses but to a lesser extent. Therefore, a complete CWI transcriptional response requires not only phosphorylation of Rlm1 by Slt2 but also concurrent SLT2-and RLM1-mediated positive-feedback mechanisms; sustained patterns of gene expression are mainly achieved by positive autoregulatory circuits based on the transcriptional activation of Rlm1.
INTRODUCTION
Eukaryotic organisms, from yeast to mammals, regulate many cellular processes in response to environmental stimuli through mitogen-activated protein kinase (MAPK) cascades. Activation of MAPK modules culminates in the phosphorylation and activation of specific transcription factors, leading to appropriate cellular responses that allow cells to regulate key cellular events, such as cellular proliferation, differentiation, apoptosis or stress responses (Elion et al., 2005) . The onset, amplitude and duration of the MAPK activation combine to generate particular signaling profiles, leading to specific output responses (Purvis and Lahav, 2013) . Therefore, precise regulation of these pathways is required to modulate specific adaptive responses. Identifying the mechanisms that coordinate these profiles is relevant to interpret and to intervene in the cellular transmission process (English et al., 2015) .
Many regulatory mechanisms modulate signaling through MAPK pathways in yeast (Chen and Thorner, 2005; Molina et al., 2010; Zeke et al., 2009 ). These mechanisms include scaffold proteins and docking interactions that contribute to providing signaling specificity and the prevention of improper crosstalk (Flatauer et al., 2005; Saito and Posas, 2012; Witzel et al., 2012; Zalatan et al., 2012) , protein phosphatases that directly dephosphorylate protein kinases to attenuate the response when necessary (Martín et al., 2005) , and positive-and negative-feedback circuits (FBLs), which are required to maintain a balanced output in the stimuli response (Mobashir et al., 2014) . Feedback mechanisms are mainly exerted through post-translational modifications, such as phosphorylation events performed by the MAPK on upstream elements of the pathway (retrophosphorylation) (Feng and Davis, 2000; Flotho et al., 2004; Hao et al., 2007; Kranz et al., 1994; Molina et al., 2010; Saito and Posas, 2012) . Alternatively to phosphorylation regulatory mechanisms, regulatory circuits can be based on the transcriptional regulation of their own elements, either inactivators (negative feedback) or activators ( positive feedback) (Molina et al., 2010) . The transcriptional induction of MAPK phosphatases by MAPK activation has been well documented as a negative-feedback mechanism of MAPK signaling in mammals (Caunt and Keyse, 2013; Keyse and Emslie, 1992) . In yeast, the induced expression of the phosphatases PTP2 and PTP3 after osmotic shock also points to these phosphatases as part of negativefeedback loops (Jacoby et al., 1997) , whereas activation of the mating and filamentous growth pathways induces the expression of the transcription factor Ste12, indicating the existence of stimulusspecific positive-feedback mechanisms (Roberts et al., 2000; Zeitlinger et al., 2003) .
The CWI pathway is the main system responsible for the organisation and biosynthesis of the cell wall. This pathway is essential for the adaptation of the yeast stress conditions that challenge cell wall integrity (for a review see Levin, 2011) . Membrane proteins Mid2 and Wsc1 act as the principal sensors of this pathway (Ketela et al., 1999; Rajavel et al., 1999) . Under stress conditions, the protein kinase C, Pkc1, is activated as a consequence of the activation of the small GTPase Rho1 by the guanine nucleotide exchange factor Rom2. Pkc1 triggers the sequential phosphorylation of the MAPKKK Bck1, two redundant MAPKKs -Mkk1 and Mkk2 -and the MAPK Slt2 (also known as Mpk1) (Levin, 2011) . The phosphorylated form of Slt2 in the conserved TxY motif (where x is any amino acid) leads to the activation of two transcription factors: Rlm1 (Dodou and Treisman, 1997; Jung et al., 2002; Watanabe et al., 1997) and SCB-binding factor (Baetz et al., 2001) .
CWI pathway activation leads to a transcriptional reprogramming of the cell that has been characterised by global gene expression profiling (Boorsma et al., 2004; García et al., 2004 García et al., , 2009 Jung and Levin, 1999; Lagorce et al., 2003; Reinoso-Martín et al., 2003; Roberts et al., 2000) . This transcriptional response is largely dependent on the transcription factor Rlm1 and the MAPK Slt2 (García et al., 2004 (García et al., , 2009 Jung and Levin, 1999; Sanz et al., 2012) . Rlm1 is a MADS-box transcription factor, which shares homology and in vitro DNA-binding specificity with mammalian MEF2 orthologues. The transcriptional activity of Rlm1 is regulated by Slt2-mediated phosphorylation on residues Ser427 and Thr435 (Jung et al., 2002; Watanabe et al., 1997) . Therefore, phosphorylation of these residues of Rlm1 is necessary for the development of adequate CWI transcriptional responses, although a non-catalytic mechanism by which Slt2 regulates the transcription of a small subset of CWIresponsive genes, through SBF, has also been recently established (Kim and Levin, 2011; Kim et al., 2008) . In addition to Rlm1 and Slt2, the SWI-SNF ATP chromatin remodelling complex is required for yeast transcriptional reprogramming under cell wall stress conditions. Through a direct interaction with Rlm1, this complex is recruited to the promoters of genes that are responsive to cell wall stress, mediating the necessary nucleosome eviction (Sanz et al., 2012) .
Genome-wide transcriptional profiles have revealed that expression of the genes encoding the MAPK Slt2 and the transcription factor Rlm1 increases under conditions of CWI activation, such as overexpression of PKC1 (Roberts et al., 2000) , treatment with Congo Red (García et al., 2004; Sanz et al., 2012) and overexpression of a hyperactive allele of MKK1 and temperature upshift (Jung and Levin, 1999) , indicating the existence of internal feedback autoregulatory circuits of amplification of the cell wall stress response in order to control adaptation through this pathway. Simultaneous monitoring of gene expression programmes of other signal transduction pathways in yeast by performing genome-wide transcript analysis has also uncovered that the genes encoding the MAPKs Fus3 and Kss1 are induced by stimulation of the respective mating and invasive growth pathways (Roberts et al., 2000) . However, the functional significance of these potential selfregulatory mechanisms is completely unknown.
Here, we show that, under cell wall stress conditions, Rlm1 interacts with Rlm1-binding domains at the promoter regions of RLM1 and SLT2, eliciting transcriptional positive-feedback mechanisms. We eliminated the positive-feedback events on RLM1 or SLT2 by performing site-directed mutagenesis of the Rlm1-binding boxes in the upstream regulatory sequences of the respective chromosomal loci. In the resulting strains, Rlm1 can be activated by Slt2 but the regulatory transcriptional loops exerted by the transcription factor on either RLM1 or SLT2 are blocked. The first feedback event is crucial to set up a complete CWI transcriptional response, whereas the effect of the latter on the transcriptional output is of a much smaller magnitude. Our results confirm the existence of transcriptional amplification loops that are mediated by Rlm1 and that regulate the adaptive response mediated by the CWI pathway, revealing a functional importance of this mechanism for the amplification of the cell wall stress response.
RESULTS
Rlm1 is recruited in vivo to the Rlm1-binding domain of RLM1 and SLT2 promoters as a consequence of cell wall stress
In response to Congo Red, a treatment which interferes with the correct assembly of yeast cell wall components, the CWI pathway is transiently activated. Under these conditions, the MAPK Slt2 is phosphorylated and activates the transcription factor Rlm1, which is interdependently recruited with the chromatin-remodelling complex SWI-SNF to the promoters of the CWI-responsive genes -such as KDX1 (also known as MLP1), SRL3 and YLR194C -to regulate gene expression (Sanz et al., 2012) . Expression of both RLM1 and SLT2 is also up-regulated under these stress conditions in an Rlm1-dependent manner (García et al., 2004) . To further analyse these potential transcriptional positive-feedback mechanisms, we first looked for Rlm1-binding sites -CTA[T/A] 4 TAG (Dodou and Treisman, 1997) or TA[T/A] 4 TAG (Jung and Levin, 1999 ) -within 800-bp sequences upstream from the start codon of both RLM1 and SLT2 using the Regulatory Sequence Analysis Tools (RSAT) software (van Helden, 2003) . As shown in Fig. 1A , a single consensus motif was identified in the promoter region of both genes, at positions −308 to −299 (CTAATAATAG) and −232 to −224 (TAAAAATAG), respectively.
To confirm that Rlm1 occupies these Rlm1-binding sites in vivo, we performed chromatin immunoprecipitation (ChIP) assays. Chromatin from wild-type strains that expressed Rlm1 tagged with hemagglutinin (HA) (yRLM1HA) or from a doubly tagged strain Slt2-HA Rlm1-Myc (ySLT2HA-RLM1Myc), grown in the presence or absence of cell wall stress, was immunoprecipitated with antibodies against HA and Myc, respectively, and analysed using quantitative (q)PCR to check occupation at the region covering the Rlm1-binding sites of the RLM1 (RLM1BOX, from position −270 to −401) and SLT2 (SLT2BOX, from position −122 to −267) promoters (Fig. 1A) . As shown in Fig. 1B , Rlm1 was present at low levels in the absence of stress, as deduced from comparative Rlm1 binding in tagged and untagged wild-type strains. However, cell wall stress induced by Congo Red notably increased Rlm1 recruitment (about threefold enrichment) to RLM1 and SLT2 promoters (Fig. 1B) .
To verify that Rlm1 was specifically bound to the Rlm1 DNA binding motifs found in both genes, we constructed two strains isogenic to those described above, but bearing mutated versions of the Rlm1-binding sites at the RLM1 or SLT2 promoters. In particular, the internal AATA (RLM1) or AAAT (SLT2) consensus nucleotide sequences within the complete TA[T/A] 4 TAG Rlm1-binding motif were replaced by GCAG or CTCG, respectively (Fig. 1A) . ChIP assays using both strains, yP mut -RLM1HA and yP mut -SLT2HA-RLM1Myc, revealed that occupation of the RLM1BOX and SLT2BOX by Rlm1 under Congo Red treatment was drastically reduced, showing only residual levels that were very close to those observed in the absence of cell wall stress (Fig. 1B) .
Taken together, these results demonstrate that Rlm1 is recruited to its putative DNA binding domains in the promoters of RLM1 and SLT2 as a consequence of cell wall stress. Moreover, nucleotide substitutions at Rlm1-binding motifs in both genes essentially block the recruitment of Rlm1, enabling us to evaluate the functional role of both feedback circuits (see below).
Overproduction of Rlm1 and Slt2 by cell wall stress depends on the recruitment of Rlm1 to RLM1 and SLT2 promoters
To characterise the functional relevance of the Rlm1 occupation at RLM1 and SLT2 promoters, we first quantified RLM1 and SLT2 gene expression by means of real-time (RT)-qPCR assays. As shown in Fig. 2A , expression of RLM1 (∼twofold) and SLT2 (∼threefold) was upregulated in wild-type strains that had been grown in the presence of Congo Red for 3 h. In accordance with our previous genome-wide transcriptional profiles (García et al., 2004) , this induction was blocked in rlm1Δ and slt2Δ strains. Moreover, the induction of RLM1 was also blocked in the strain that included the mutated version of the RLM1 promoter (yP mut -RLM1HA), whereas SLT2 induction was severely compromised in this strain. In the case of the strain bearing the altered SLT2 promoter (yP mut -SLT2HA), the transcription of SLT2 was only affected, maintaining a normal transcriptional activation of RLM1 ( Fig. 2A) .
Then, the levels of Rlm1 and Slt2 were monitored in the strains bearing native or mutated Rlm1-binding sites that had been grown in the presence or absence of cell wall stress. Total protein extracts were analysed by western blotting using antibodies against HA and Myc to detect Rlm1-HA and Rlm-Myc, together with antibodies to detect Slt2 and phosphorylated Slt2 levels. As shown in Fig. 2B ,C, Congo Red activated the CWI pathway in untagged, Rlm1-tagged (yRLM1HA) and Slt2-tagged (ySLT2HA) wild-type strains, as denoted by the increased levels of phosphorylated Slt2.
When the Rlm1-binding site of RLM1 was inoperative (yP mut -RLM1HA strain), the increase in the levels of Rlm1 that were observed in a wild-type strain (yRLM1HA) as a consequence of the stress was completely blocked, and Slt2 levels were significantly reduced (Fig. 2B) . However, the remaining pool of Rlm1 in the yP mut -RLM1HA strain exhibited the electrophoretic mobility shift associated with the phosphorylation by Slt2, as previously described for other CWI activation conditions (Marín et al., 2009) , in agreement with the fact that activation of Slt2 by Congo Red was not impaired in this strain (Fig. 2B) .
Regarding the effects caused by blocking the binding of Rlm1 to the promoter region of SLT2 (yP mut -SLT2HA strain), the increase in the amount of Slt2 observed in wild-type cells (ySLT2HA strain) that had been exposed to Congo Red with respect to non-treated cells, was totally dependent on a functional Rlm1-binding site, whereas phosphorylated Slt2 levels were not substantially affected (Fig. 2C ). Contrary to the complete abrogation of the Rlm1 increment detected in the strain bearing the mutated version of the promoter region of RLM1 (yP mut -RLM1HA strain), accumulation of Rlm1 in a strain expressing SLT2 under the control of a nonRlm1-responsive SLT2 promoter was similar to that obtained in the wild-type strain under stress conditions (Fig. 2D) .
These results indicate that the autoregulatory transcriptional feedback mechanism exerted by Rlm1 on 'cis-acting' RLM1 promoter elements is crucial for the transcriptional activation of both SLT2 and RLM1, and for the corresponding increase in their proteins levels under stress conditions. In contrast, the feedback mechanism mediated by Rlm1 on 'trans-acting' elements of the SLT2 promoter modulates transcription of SLT2 and the resultant protein levels but not those of RLM1.
In addition to SLT2 and RLM1, MKK1, one of the redundant MAPKKs of the CWI pathway, and BCK1, the MAPKKK of this pathway, also contain a putative Rlm1-binding domain in their promoters at positions −433 to −424 and −38 to −29, respectively. We checked if any of these elements could be a target for potential Rlm1-mediated feedback. However, as shown in Fig. 3 , neither Mkk1 or Bck1, nor other upstream elements of the CWI pathwaysuch as Mkk2, Pkc1 or Rho1 -were overproduced as a consequence of cell wall stress. Therefore, the positive-feedback transcriptional regulation of this pathway is only mediated by Rlm1 on RLM1 itself and on SLT2. Rlm1-binding consensus motifs at the promoters of BCK1 and MKK1, the former very close to the ATG site and the latter close to the 3′ non-coding region of the adjacent gene, do not seem to be operative.
The autoregulatory positive-feedback loop mediated by Rlm1 is essential for the transcriptional response elicited by activation of the CWI pathway One of the main functions of the CWI pathway is to regulate cellular adaptive responses against situations in which cell wall integrity is compromised. Through transcriptional reprogramming, yeast modulate the expression of genes important for this process, including genes involved in cell wall remodelling, metabolism, and energy and signaling . A key question was whether the positive transcriptional feedback mechanisms described above, mediated by the transcription factor Rlm1, are relevant for the CWI transcriptional adaptive response. For this purpose, we monitored expression levels of several Rlm1-dependent CWI-responsive genes, namely MLP1, CRG1 and YLR194C, together with those of RLM1 and SLT2, in the strains bearing the mutated Rlm1-binding site at RLM1 (yP mut RLM1HA) or SLT2 (yP mut SLT2HA) promoter regions, as well as in their corresponding isogenic wild-type strains, at different times after treatment with Congo Red.
As shown in Fig. 4 , the kinetics of transcriptional induction of the three genes was similar in both tagged wild-type strains (yRLM1HA and ySLT2HA). Congo Red caused a detectable increase in the levels of expression of the reporters after 15 min of treatment. After this time, the transcriptional activation increased over the time, reaching a peak after 120-180 min. Activation of gene expression was concomitant with an increase in the levels of phosphorylated Slt2 over the whole time course (Fig. 5 ), in agreement with the previously described correlation between levels of Slt2 phosphorylation and the magnitude of the transcriptional CWI response (Arias et al., 2011) . Additionally, in agreement with an increase of both RLM1 and SLT2 transcripts (Fig. 4) , Rlm1 and Rlm1 (Rlm1-HA and Rlm1-Myc), Slt2 and phosphorylated Slt2 (P-Slt2) levels were analysed by western blotting using anti-HA, anti-Myc, anti-Mpk1 (Slt2) and anti-phosphorylated-p44/p42 MAPK antibodies, respectively, in the indicated strains growing exponentially in YPD at 24°C that had been exposed or not to Congo Red (30 μg/ml) for 3 h. Glucose-6-phosphate dehydrogenase (G6PDH) was used as loading control. Numbers indicate the relative amounts (quantified by densitometry analysis) of Rlm1, Slt2 and phosphorylated Slt2 in Congo-Red-treated versus non-treated cells, normalised with respect to the loading control. Graphics in the relevant lower panels show this quantification.
Slt2 protein levels also increased in both tagged wild-type strains after 30-60 min of treatment as a consequence of the two feedback loops mediated by Rlm1 (Fig. 5) .
When gene expression kinetics were monitored in the strain that included a non-functional Rlm1-binding site at the promoter of RLM1 (yP mut -RLM1HA), there were no differences between this strain and the corresponding wild-type strain in the expression of the three reporters analysed after 15 min of Congo Red treatment (Fig. 4A ), in agreement with the similar levels of Rlm1 observed in both strains (Fig. 5A) . At that time, Slt2 was already slightly activated, as measured by monitoring phosphorylated Slt2 levels and, as a consequence, Rlm1 was also activated, as deduced from the Rlm1 shift (Fig. 5A) . Although the high levels of phosphorylated Slt2 reached at different times of treatment, from 30 min to 3 h, were almost unaltered in the yP mut -RLM1HA strain, overexpression of RLM1 (Fig. 4A ) and the corresponding overproduction of Rlm1 (Fig. 5A) were blocked. Consequently, transcriptional upregulation by Congo Red of the genes under study was severely impaired throughout the whole timecourse in the yP mut -RLM1HA strain in respect to that of the wild-type strain (Fig. 4A) . Therefore, the high amount of phosphorylated Slt2 that had accumulated after 1-3 h of Congo Red treatment was insufficient for a proper transcriptional CWI response. Instead, the levels of Rlm1, through the Rlm1-autoregulatory positive transcriptional feedback mechanism, are crucial for full expression of CWI target genes.
In the strain bearing a mutated Rlm1-binding site at the SLT2 promoter (yP mut -SLT2HA), a partial reduction of about 30-40% in the expression of MLP1, CRG1 and YLR194C was observed with respect to the wild-type strain, but mainly after 120 and 180 min of treatment, whereas no change or little effect was found after 30 and 60 min (Fig. 4B ). This effect is presumably related to the fact that induction of SLT2 expression was blocked throughout the whole time course (Fig. 4B ) and, consequently, Slt2 was not overproduced in this strain upon cell wall stress (Fig. 5B) . The levels of phosphorylated Slt2 slightly decreased, whereas RLM1 mRNA and Rlm1 protein levels in this strain were comparable to those observed in the wild-type strain ( Figs 4B and 5B) .
On the basis of these results, we decided to construct a double mutant strain yP mut -RLM1HA-P mut -SLT2HA, bearing mutated versions of the Rlm1-binding site at both RLM1 and SLT2 promoters. Relative mRNA levels of MLP1, CRG1 and YLR194C were measured in this strain in the absence and presence of Congo Red for 3 h, and compared to those found in a wild-type strain (yRLM1HA) and in a single-mutant yP mut -RLM1HA strain. As shown in Fig. 6 , the expression levels of the three genes in the double mutant were similar to those found in the strain that was only affected in the Rlm1 autoregulatory feedback. Therefore, the partial transcriptional induction of CWI genes (∼30-40%) still present in the absence of the Rlm1 autoregulatory feedback loop (strain yP mut -RLM1HA) is not dependent on the feedback mediated by Rlm1 on SLT2 but seems to depend on the constitutive levels of Slt2 and Rlm1.
Almost the whole yeast transcriptional response to cell wall stress mediated by Congo Red is dependent on the transcription factor Rlm1 (Dodou and Treisman, 1997; García et al., 2004; Lagorce et al., 2003) . However, an rlm1Δ yeast strain is not hypersensitive to cell wall stress, but it is resistant to Congo Red, Calcofluor White or zymolyase as compared to a wild-type strain (Dodou and Treisman, 1997; García et al., 2004; Lagorce et al., 2003) , probably because of compensatory responses in this mutant when grown under cell wall stress conditions. We tested cell-wall-related phenotypes of yP mut -RLM1HA and yP mut -SLT2HA mutant strains, and of the corresponding yRLM1HA and ySLT2HA wild-type strains, and we found that, like the rlm1Δ yeast strain, both strains were more resistant to Congo Red than the wild-type strains (Fig. 7) , further supporting the relevance of the transcriptional feedback loops on the function of the CWI pathway.
DISCUSSION
Modulation of specific adaptive responses by MAPK signaling pathways requires precise regulatory mechanisms to trigger sustained or transient responses. These different dynamics are crucial for determining their corresponding outputs (Marshall, 1995; Santos et al., 2007) . The yeast CWI MAPK pathway mediates a compensatory response to reinforce the cell wall under conditions affecting cell wall integrity. The timing of this response, in terms of activation of the MAPK Slt2 and development of the corresponding transcriptional programme, is very different to that of other yeast MAPK pathways like the HOG pathway or the mating signaling pathway. For the mating pheromone response pathway, Kss1 and Fus3 are rapidly phosphorylated after a few minutes following the addition of pheromone, with a maximal activation achieved by 15 min, which declines by 2-3 h (Sabbagh et al., 2001) , whereas changes in gene expression have already begun by 15 min (Roberts et al., 2000) . The MAPK Hog1 is only transiently activated following osmotic stress, with levels reaching a maximum at 5 min that then gradually decrease to near-basal levels within 30 min, with a rather early and largely transient transcriptional response (Hao et al., 2007; Maeda et al., 1995; Saito and Posas, 2012) . In contrast, CWI signaling is activated persistently in response to growth at elevated temperatures (Kamada et al., 1995; Zarzov et al., 1996) and chemical agents that induce cell wall stress, such as Congo Red or zymolyase, activate CWI signaling by increasing levels of phosphorylated Slt2 within 15 min upon stress, with a peak after 1-3 h of treatment. Slt2 phosphorylation decreases later but it is still detected even after 6 h (Bermejo et al., 2008; García et al., 2004) . In agreement, the complete transcriptional response to cell wall Fig. 3 . Protein levels of elements of the CWI pathway upstream of Slt2 do not change upon cell wall stress. Protein levels of Mkk1, Mkk2, Bck1, Pkc1 and Rho1 were evaluated in the corresponding Myc-tagged strains growing either in the presence (30 μg/ml for 3 h) or in the absence of Congo Red (CR) by western blotting using an anti-Myc antibody. Numbers indicate the relative amounts of the indicated proteins in Congo-Red-treated versus non-treated cells, normalised with respect to the loading control (G6PDH). Activation of the CWI pathway was monitored by detection of phosphorylated Slt2 (P-Slt2) with an anti-phosphorylated-p44/p42 MAPK antibody.
damage does not occur until hours after exposure to the cellwall-perturbing agent (García et al., 2004; Rodríguez-Peña et al., 2005) .
Modulation of signaling through MAPK pathways requires many regulatory mechanisms (Chen and Thorner, 2005; Molina et al., 2010; Zeke et al., 2009 ). One of these mechanisms involves feedback loops that are exerted by components of one pathway on elements acting upstream of the same pathway. Negative-feedback events contribute to the attenuation of responses, whereas positivefeedback events should amplify signaling. Here, we demonstrate the existence of two positive transcriptional feedback mechanisms within the CWI MAPK pathway, one exerted by the transcription Fig. 4 . The transcriptional response triggered by cell wall stress is severely affected in strains lacking the autoregulatory positive transcriptional feedback loop mediated by Rlm1. mRNA levels of several CWI-responsive genes (MLP1, CRG1, YLR194C, RLM1 and SLT2) were analysed by performing RT-qPCR after different times of Congo Red (CR) treatment (30 μg/ml) in yRLM1HA and yP mut -RLM1HA strains (A), and in strains ySLT2HA and yP mut -SLT2HA (B). Values (mean±s.d. of three independent biological replicates) represent the expression ratio between Congo-Red-treated and non-treated cells at each time point.
factor Rlm1 on SLT2, which encodes the MAPK of the route, and the other exerted by Rlm1 on RLM1 itself (Fig. 8) .
Individual blockade of either of these positive-feedback mechanism through mutagenesis of the Rlm1-binding sites at SLT2 or RLM1 promoters does not impair activation of Slt2 and phosphorylation of Rlm1 induced by cell wall stress, allowing us to evaluate the real impact of these mechanisms on CWI output responses. In a wild-type strain, once Slt2 is activated, it phosphorylates Rlm1, which is also overproduced as a consequence of the transcriptional feedback. Abrogation of the autoregulatory Rlm1 feedback loop results in the lack of RLM1 induction and Rlm1 overproduction, as well as in an important reduction of its transcriptional target SLT2 upon cell wall stress. Consequently, the transcriptional activation mediated by the CWI pathway under cell wall stress is severely impaired, as deduced from a decrease of 60-70% in expression levels of CWI-dependent genes. Therefore, this positive feedback that is activated by the stress regulates the amplification of the cell wall stress response, and it is crucially required for a proper transcriptional adaptive response.
Blockade of the transcriptional feedback exerted by Rlm1 on SLT2 affects the induction of SLT2 but not of RLM1. As a consequence, levels of Slt2 do not increase, but Rlm1 overproduction and phosphorylation are unaffected. Under these conditions, expression levels of CWI-dependent genes are reduced Fig. 5 . Monitoring of Rlm1, Slt2 and phosphorylated Slt2 protein levels in the absence of the transcriptional positive-feedback mechanisms mediated by Rlm1. Rlm1 (Rlm1-HA or Rlm1-Myc), Slt2 and phosphorylated Slt2 (P-Slt2) levels were analysed by western blotting using anti-HA, anti-Mpk1 (Slt2) and anti-phosphorylated-p44/p42 MAPK antibodies in strains yRLM1HA and yP mut RLM1HA (A), and strains ySLT2HA-RLM1Myc and yP mut -SLT2HA-RLM1Myc (B) that were growing exponentially in YPD at 24°C and exposed or not to Congo Red (CR; 30 μg/ml) for the indicated times. Glucose-6-phosphate dehydrogenase (G6PDH) was used as loading control. Numbers indicate the relative amounts (quantified by densitometry analysis) of Rlm1, Slt2 and phosphorylated Slt2 in Congo-Red-treated versus nontreated cells, normalised with respect to the loading control. Graphics in the respective lower panels show this quantification.
by about 30%. Therefore, the increase in the amount of Slt2 that is mediated by the activity of Rlm1 through this feedback suggests a possible mechanism for potential amplification of the stress response through the maintenance of MAPK levels under stress conditions. This mechanism has less impact on the CWI output response than the Rlm1 autoregulatory feedback but partially contributes to the CWI gene expression levels, particularly under long-term stress, having almost no effect on transcription at early time points. Interestingly, no synergistic effect was found in the decrease of the induction levels of CWI-dependent genes upon cell wall stress in a yP mut -RLM1HA-P mut -SLT2HA double-mutant strain, indicating that the partial transcriptional induction of CWI genes (∼30-40%), still present in the absence of the Rlm1 autoregulatory feedback loop, is not dependent on the feedback mediated by Rlm1 on SLT2. Therefore, the two regulatory transcriptional feedback mechanisms described here control the majority of the CWI transcriptional response, with a key role for the Rlm1 autoregulatory feedback. In agreement, the phenotypes of both yP mut -RLM1HA and yP mut -SLT2HA strains are similar to those of rlm1Δ. However, part of the response is not dependent on the overproduction of Rlm1 and Slt2, but it does depend on the constitutive levels of Slt2 and Rlm1 present in the cell. In fact, both Slt2 and Rlm1 are activated in the absence of the feedback loops. Consequently, only the deletion of either SLT2 or RLM1 completely blocks the transcriptional CWI response.
The MAPK Slt2 regulates Rlm1 activation by phosphorylation of Ser427 and Thr439, and this activation is required for transcriptional activation of CWI-responsive genes under cell wall stress that is induced by Calcofluor White (Jung et al., 2002) . Our data demonstrate that phosphorylation of Rlm1 by the MAPK Slt2 is insufficient for a full functional CWI transcriptional response. Self-sustaining patterns of gene expression are therefore mainly achieved by positive autoregulatory circuits based on sustained activation of Rlm1. A similar autoregulatory mechanism involving myocyte enhancer factor 2 (MEF2) has been described in Drosophila. Mammalian MEF2 protein isoforms are MADS-box transcription factors, related to Rlm1, and share a similar DNA-binding specificity (Dodou and Treisman, 1997; Jung et al., 2002) . Interestingly, sustained activation of MEF2 through an autoregulatory enhancer seems to be important for muscle development in this organism (Cripps et al., 2004) .
In contrast to negative autoregulation, which speeds up the response time of gene circuits (Becskei and Serrano, 2000) , positive autoregulation -which occurs when a transcription factor enhances its own rate of production -generates bistability, amplifies gene expression and slows down the kinetics of gene expression (Alon, 2007; Maeda and Sano, 2006; Singh, 2014) . Therefore, the positive transcriptional feedback mechanism mediated by Rlm1 described here, which is crucial for the development of adequate cell wall transcriptional adaptive responses could be, at least in part, responsible for the unique dynamics of the CWI pathway output. Cell signaling systems that contain positive-feedback loops can, in principle, convert a transient trigger stimulus into an irreversible response (Ferrell, 2002) . So, in contrast to positive-feedback events that amplify signaling through the CWI MAPK pathway, other negative feedback events contribute to attenuate responses (Fig. 8) . Particularly, Slt2 inhibits the pathway that downregulates the guanine nucleotide exchange factor (GEF) activity of Rom2 through a retrophosphorylation mechanism (Guo et al., 2009) , in a manner similar to that of other negative feedback events exerted by Hog1 and Fus3 on upstream elements of the HOG and mating pathways, respectively (Feng and Davis, 2000; Flotho et al., 2004; Hao et al., 2007; Kranz et al., 1994; Saito and Posas, 2012) . Additionally, retrophosphorylation of the MAPKKs Mkk1 and Mkk2 by their target Slt2 has also been reported, but its relevance in the transcriptional response is lacking (Jiménez-Sánchez et al., 2007) . By contrast, the CWI pathway can be negatively regulated by the activity of diverse phosphatases such as Ptp2, Ptp3, Msg5, Sdp1 (Martín et al., 2005) and Ptc1 (Du et al., 2006; González et al., 2006) on Slt2, whereas Pkc1 is deubiquitylated by Ubp3 (Wang et al., 2008) . The transcriptional induction of many phosphatases that act upon MAPKs under the control of their target MAPK has been well documented as a negative-feedback regulation loop of MAPK signaling in humans (Caunt and Keyse, 2013; Ekerot et al., 2008; Keyse, 2000) . Phosphatases Ptp2 and Msg5 are transcriptionally induced in several conditions that activate the CWI pathway (García et al., 2004 (García et al., , 2009 Hahn and Thiele, 2002; Mattison et al., 1999) in an Slt2-dependent manner, indicating the existence of transcriptional negative-feedback loops at this level (Fig. 8) .
Because positive autoregulation is a common occurrence among regulatory genes, our results on the CWI pathway provide insights into properties that might apply to other signal transduction Fig. 6 . Impairment of the induction of CWI-responsive genes in a strain lacking the Rlm1 autoregulatory positive transcriptional feedback loop is not exacerbated by simultaneous blocking of the feedback exerted by Rlm1 on SLT2. mRNA levels of MLP1, CRG1 and YLR194C genes were analysed by performing RT-qPCR at 3 h after Congo Red (CR) treatment (30 μg/ml) in yRLM1HA, yP mut -RLM1HA and yP mut -RLM1HA-P mut -SLT2HA strains. Values (mean±s.d. of three independent biological replicates) represent the expression ratio between Congo-Red-treated and non-treated cells at each time point. Fig. 7 . yP mut -RLM1HA and yP mut -SLT2HA-RLM1Myc mutant strains are more resistant to Congo Red than the corresponding wild-type strains. yRLM1HA, yP mut RLM1HA, ySLT2HA and yP mut -SLT2HA were spotted onto YPD plates without or with 100 µg/ ml of Congo Red (CR), and plates were incubated for 48 h at 30°C.
networks. Similar to the CWI pathway, Fus3 (the MAPK of the mating pathway) and the transcription activator Ste12 are targets for Ste12 binding, and their expression is induced in the presence of pheromones (Ren et al., 2000; Roberts et al., 2000) , raising the possibility of additional feedback mechanisms that control the MAPK pathways regulating mating and filamentation (Zeitlinger et al., 2003) .
MATERIALS AND METHODS

Yeast strains and growth conditions
Experiments were performed with the Saccharomyces cerevisiae strain BY4741 (MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0), and rlm1Δ and slt2Δ mutant derivatives were provided by Euroscarf (Frankfurt, Germany). yRLM1HA and yP mut -RLM1HA strains were obtained using the method described previously (Sikorski and Hieter, 1989) by transforming the rlm1Δ mutant with the integrative pRS303-RLM1HA and pRS303-P mut -RLM1HA (HIS3) plasmids linearised at the unique EcoRV site (at position −864 in the RLM1 promoter), respectively. ySLT2HA and yP mut -SLT2HA strains were achieved by transforming the slt2Δ mutant with the integrative plasmids pRS306-SLT2HA and pRS306-P mut -SLT2HA (URA3) linearised at the unique BlpI site (at position −323 in the SLT2 promoter), respectively (Fig. 1A) . Correct integration was confirmed by performing PCR, amplifying a region between the positions −898 and +100 (RLM1) and between −399 and +97 (SLT2), and sequencing the corresponding DNA fragments. Wild-type (WT) WT-RLM1Myc, WTBCK1Myc, WT-PKC1Myc, slt2Δ-RLM1Myc, ySLT2HA-RLM1Myc and yP mut -SLT2HA-RLM1Myc strains were obtained by tagging the Myc epitope to the C-terminus of Bck1, Pkc1 or Rlm1 (BY4741, slt2Δ, ySLT2HA and yP mut -SLT2HA strains) using a PCR-based gene modification method (Longtine et al., 1998) . The yP mut -RLM1HA-P mut -SLT2HA double-mutant strain was obtained in two steps. First, the SLT2 gene was replaced by the hphMX4 marker in the yP mut -RLM1HA strain using the PCR-based method described by Wach et al. (1997) . Second, the yP mut -RLM1HA slt2Δ strain was transformed with the integrative pRS306-P mut -SLT2HA plasmid linearised at the unique BlpI site as described above. MKK1-Myc and MKK2-Myc strains were provided by Victor J. Cid (Departamento de Microbiología II, Universidad Complutense, Madrid, Spain). To obtain the RHO1-Myc strain, BY4741 was transformed with the integrative Myc-RHO1-pRS406 plasmid linearised at the MluI site, provided by Yu Jiang (Department of Pharmacology, University of Pittsburgh School of Medicine, Pittsburgh, PA) (Guo et al., 2009) .
Cells were grown on YPD (1% yeast extract, 2% peptone and 2% glucose) in liquid medium at 220 rpm and 24°C to an optical density of 0.8-1 (A 600 ). The culture was refreshed to 0.2 (A 600 ) in YPD, grown for an additional 2 h 30 min and then divided into two parts. One part was allowed to continue growing under the same conditions (non-treated culture) and the other one was supplemented with 30 μg/ml of Congo Red (Merck, Darmstadt, Germany). Cells were then collected after 3 h of incubation.
Plasmids and site-directed mutagenesis
The plasmid pRS303-RLM1HA (integrative HIS3) was obtained by cloning the insert from plasmid YEp352-RLM1-3×HA (Sanz et al., 2012) , Fig. 8 . Regulation of the CWI pathway. Upon cell wall stress, the MAPK Slt2 mediates, through Rlm1 and the SWI-SNF chromatin remodelling complex, the induction of the CWI transcriptional programme (Sanz et al., 2012) . Modulation of CWI signaling outputs requires both positive-and negative-feedback mechanisms. The transcription factor Rlm1 exerts transcriptional positive-feedback loops on the expression of RLM1 and SLT2 (blue arrows). The former is essential for the amplification and setting up of a complete CWI transcriptional output response, whereas the latter contributes to a lesser extent. In contrast, attenuation of the CWI pathway requires several post-translational negative-feedback mechanisms, including negative retrophosphorylation feedback loops exerted by Slt2 on upstream components of CWI pathway, such as Rom2 (Guo et al., 2009) , the redundant MAPKKs Mkk1 and Mkk2 (Jimeńez-Sańchez et al., 2007) (red lines) and the Rlm1-dependent transcriptional induction of the Slt2 phosphatases Ptp2 and Msg5 (Garcıá et al., 2004 Hahn and Thiele, 2002; Mattison et al., 1999 ) (blue line). In addition, other Slt2 phosphatases -such as Ptp3, Sdp1 and Ptc1 (Martıń et al., 2005) -and ubiquitylation of Pkc1 by Ubp3 (Wang et al., 2008 ) also contribute to the attenuation of the induction of the CWI pathway.
containing the RLM1 promoter and coding regions with a 3×HA epitope fused to the C-terminus of Rlm1, into a pRS303 shuttle vector between PvuII and SacI restriction sites. To obtain the plasmid pRS306-SLT2HA (integrative URA3), the insert from plasmid p2188, which was kindly provided by David Levin (Department of Microbiology, Boston University School of Medicine, Boston, MA), containing the SLT2 promoter and coding regions with a 3×HA epitope fused to the C-terminus of Slt2 (Kim et al., 2008) , was cloned into a pRS306 shuttle vector between EcoRI and SalI restriction sites. The plasmids pRS303-P mut -RLM1HA and pRS306-P mut -SLT2HA were obtained by site-directed mutagenesis of the Rlm1-binding domain in the upstream regions of RLM1 (CTAATAATAG) and SLT2 (TAAAAATAG), respectively, using the QuikChange II site-directed mutagenesis kit (Agilent Technologies). Primers design and PCR conditions were as described in the manufacturer's instructions. The primers used to create pRS303-P mut -RLM1HA plasmid were 5′-CGGAA-GAGATGAAATCTGCAGCCAGAAACAGCTCG-3′ and 5′-CGAGCT-GTTTCTGGCTGCAGATTTCATCTCTTCCG-3′. The presence of the mutation was verified by restriction analysis with PstI because a restriction site for this enzyme had been introduced into the Rlm1-binding domain as a consequence of the mutagenesis. To create the pRS306-P mut -SLT2HA plasmid, the following primers were used: 5′-GGAAAG TTTCAGTGTT-AACTCGAGAAACTGAAAAAGGAG-3′ and 5′-CTCCT TTTTCAGT-TTCTCGAGTTAACACTGAAACTTTCC-3′ including, in this case, a XhoI site in the Rlm1-binding domain to check for the correct mutation (Fig. 1A) . In both cases, further verification of the mutations was performed by DNA sequencing.
Chromatin immunoprecipitation assays
ChIP was performed as described elsewhere (Papamichos-Chronakis and Peterson, 2008; Sanz et al., 2012) . The antibodies used in these experiments were a polyclonal anti-HA antibody (ab9110, Abcam; 1:125 dilution ) and a monoclonal anti-Myc antibody (clone 9E10; MMS-150P, Covance; 1:125 dilution). The immunoprecipitated DNA comprising the regions RLM1BOX ( position −401 to −270) and SLT2BOX ( position −267 to −122), which includes the Rlm1-binding domain, was quantified by performing qPCR using the following primers: RLM1-BOX-UP 5′-GCA-GCATCACCGGGTGA-3′ and RLM1-BOX-DOWN 5′-TTATTG TTCA-GAGGAAGATCGAGCT-3′ and SLT2-BOX-UP 5′-CTGCGA AATGTT-GGCAGAAT-3′ and SLT2-BOX-DOWN 5′-GGCAGACCAG GGTCTT-CAAT-3′. The fold enrichment at specific DNA regions was calculated using the comparative Ct method (Aparicio et al., 2004) and the promoter region of the VMA8 gene, whose expression is not affected by cell wall stress, as sequence control. Thus, the Ct of the input sample was subtracted from the Ct of the immunoprecipitated sample to calculate the ΔCt, both in the control sequence (ΔCt cont ) and in the target DNA (ΔCt exp ), for each condition. Finally, fold enrichment was calculated by using the formula FE=2 −(ΔCt exp −ΔCt cont ).
Western blotting assays
The procedures used for immunoblot analyses, including cell collection and lysis, collection of proteins, separation by SDS-PAGE and transfer to nitrocellulose membranes were performed as previously described (Bermejo et al., 2008) using the Odyssey Infrared Imaging System (LI-COR). The detection of phosphorylated Slt2 was accomplished using an antiphosphorylated-p44/p42 MAPK monoclonal antibody (Thr202/Tyr204; 4370; Cell Signaling Technology). The detection of HA and Myc epitopes was performed using anti-HA (clone HA.11, MMS-101P, Covance) and anti-c-Myc (clone 9E10, MMS-150P, Covance) monoclonal antibodies, respectively. Slt2 was detected using the anti-Mpk1 monoclonal antibody (clone E9, sc-133189, Santa Cruz Biotechnology). To monitor protein loading, glucose-6-phosphate dehydrogenase (G6PDH) levels were determined using an anti-G6PDH polyclonal antibody (A9521, SigmaAldrich). The secondary antibodies used were IRDye 800CW goat antirabbit (925-32211) and IRDye 680LT goat anti-mouse (925-68020), both from LI-COR (Lincoln, NE). All antibodies were used at the dilutions recommended by the manufacturers. Quantification of protein bands was determined by performing densitometry analysis using the software ImageJ (Schneider et al., 2012) . Relative amounts of the different proteins in the presence of cell wall stress with respect to those in the absence of stress were obtained after normalisation of the respective bands to the loading control.
RT-qPCR assays
RNA isolation and RT-qPCR assays were performed as previously described (García et al., 2004) . For quantification, the abundance of each transcript was determined using the amount of the standard transcript ACT1 for input cDNA normalisation, and final data on relative gene expression between the two conditions tested were calculated following the 2 −ΔΔCt method, as described by Livak and Schmittgen (Livak and Schmittgen, 2001 ). The following forward and reverse primers, respectively, were used: ACT1, 5′-ACGAAAGATTCAGAGCCCCA-3′ and 5′-GCAGATTCCAA-ACCCAAAACA-3′; RLM1, 5′-CCGCATATAATGGAAATACCG-3′ and 5′-TCTCCTGAAATATCAGTCGAAAAA-3′, or 5′-TAATGGAAATAC-CGGGCTGA-3′ and 5′-CATAGGGATAGCCCGCATAG-3′ for HA-tagged RLM1 strains; SLT2, 5′-AAGGCATGATGCAGATTTCC-3′ and 5′-AAGCGTGCCGTTATCATTCT-3′, or 5′-CCACTGGAAATACCGC-AGAT-3′ and 5′-TCATAGGGATAGCCCGCATA-3′ for HA-tagged SLT2 strains; CRG1, 5′-TCGATTTGGAGATATTGAAGTCACA-3′ and 5′-G-CATTTGGGTCCGAAGGA-3′; YLR194C, 5′-GGTAGCGTCCGTAAT-GTCCAA-3′ and 5′-CCCGCACCATAAGCTATGTGA-3′; and MLP1, 5′-TCCTTCCCTTCAAACATTGGTT-3′ and 5′-TGAATTATCAAGAA-TGCACAAAAGC-3′.
Congo Red sensitivity assay
Cells were grown overnight in YPD, and exponentially growing cultures were adjusted to an optical density at 600 nm (A 600 ) of 0.13 (∼2×10 3 cells per µl). 1:5 serial dilutions of yeast cultures were spotted with a 48 pin Multi-Blot replicator (VP407AH model, Fisher Scientific, PA) onto YPD plates and YPD plates that had been supplemented with 100 µg/ml of Congo Red. Growth was monitored after 2 days of incubation at 30°C.
